Initialization. The crystal structure from Ref. 1 is used as the starting point for simulations of the SecA-SecYEG complex. To meet the size-constraints of the Anton hardware, 2,3 only SecA residues within 15 Å of the translocon in the crystal structure are included in the simulations.
SecA-SecYEG crystal structure are given in Table S1 . In terms of this unique coordinate system, the position of insertion point IP2 is {x − a, y − b, z − c}, where {x, y, z} is the Cartesian center-ofmass for residues 780-785 of the two-helix-finger domain of SecA, and where a = −6 Å, b = 3 Å, and c = −1 Å are chosen to avoid steric clashes; the coordinates for IP1 are simply shifted +10 Å from IP2 along the z-axis.
Each of the n residues on the C-terminal end of the nascent protein exists in either an off-state, in which non-bonding interactions between each residue and the rest of the system are excluded, or an on-state, in which all interactions are included. Residues in the off-state are tethered to the insertion point via harmonic restraints with k = 23.8 kcal/mol/Å 2 . Upon sequentially switching each residue from the off-state to the on-state, the simulation cell is subjected to a partial minimization to avoid large steric clashes associated with the newly introduced nascent protein residue; this minimization is only performed with respect to forces that exceed a magnitude of 23.8 kcal/mol/Å, such that only atoms in the immediate vicinity of the newly introduce amino-acid residue are primarily affected. After switching each residue from the off-state to the on-state, it is pulled from the insertion point toward the center-of-mass of the translocon pore residues for a period of 5 ns to create space for the next amino-acid residue in the nascent-protein sequence; this is achieved by harmonically tethering (k = 2.38 kcal/mol/Å 2 ) the center-of-mass of the nascent-protein residue to a virtual bead that moves with constant velocity v = 1 Å/ns. Since these simulations are performed in the NPT ensemble, the simulation cell volume appropriately relaxes upon inclusion of the additional nascent-protein residues. Since the nascent-protein growth involves only the introduction of uncharged amino-acid residues, the total simulation cell remains neutral. Nascent-Protein Evolution. At nascent-protein lengths corresponding to 15, 30 and 45 amino acid residues, the simulation cell is ported to the Anton computing system for microsecondtimescale relaxation. In these simulations, short-ranged Van der Waals and electrostatic interactions are cutoff at 9.48 Å, and long-ranged electrostatic contributions are included using the k-space Gaussian Split Ewald method 18 with a cubic (64×64×64) k-point grid, an electrostatic screening parameter of σ = 2.44 Å, and a Gaussian charge-spreading width of σ s = 1.72 Å. Bond-lengths in-S4 volving hydrogen atoms are constrained using the M-SHAKE algorithm. 19 We employ the RESPA numerical integration scheme 20 with a timestep of 2 fs; short-ranged interactions are updated every timestep, and long-range electrostatic interactions are updated every 6 fs. The Berendsen coupling scheme 21 is applied to keep the simulation at a temperature of 300 K and a pressure of 1 bar; the thermostat employs a coupling timescale of τ = 1.0 ps, and the barostat employs a semi-isotropic coupling timescale of τ = 2.0 ps.
Channel axis definition
To analyze configuration changes during nascent-protein insertion, we define a one-dimensional coordinate associated with the translocon channel axis. For the initial configuration of each insertion trajectory, the channel axis coordinate is defined as the z-component of the Cartesian coordinate system for the simulation cell with origin positioned at the center-of-mass of the SecASecYEG complex. To avoid artifacts due to fluctuations or drift in the translocon position during the long insertion trajectories, atomic positions in each subsequent configuration of the trajectories are aligned to those of the initial configuration, using a protocol that minimizes mean-square displacement in the α-carbons of SecYEG. 22 
Translocon lateral gate width profile
The lateral gate (LG) width profile illustrated in Figure 3A in the main text is calculated as follows.
The channel-axis coordinate is uniformly discretized at a resolution of ∆η = 2Å, and the simulation cell is thus divided into corresponding parallel slabs, {η j }. For each slab, the width of the LG opening is determined by considering the translocon α-carbon atoms that lie within the slab and that correspond to one of two particular subsets of the translocon atoms. The first subset, which is shown in green in Figure 3A in the main text and which corresponds to one half of the translocon
LG, includes residues in transmembrane (TM) helices TM7-8 (V270-I335 in the SecY protein).
The second subset, which is shown in yellow in Figure 3A in the main text and which corresponds to the other half of the LG, includes residues M80-S142 in the SecY protein. The width of the LG S5 opening for each slab, w j , is defined as the minimum distance from any α-carbon in the first subset to any in the second subset. We note that a similar definition is used to calculate the LG surface area in Ref. 23 .
For each insertion trajectory, we obtain the LG width profile as a function of both simulation time and the channel axis coordinate. In making Figures 3B and 3C in the main text and Figure   S2 , we smooth the LG width profile in both dimensions, with raw input data corresponding to the channel width profile evaluated at time intervals of 240 ps. The smoothed output, obtained using a modified ridge estimator with dimensionless smoothing parameter s = 1, is provided on a 50 × 50 grid, with spacing ∆t = 0.076µs (∆t = 0.090µs for Figure S2 ) and ∆η = 0.7Å. As shown in Figure S7 , this smoothing does not affect any of the trends discussed in connection with Figure   3 .
Hydrophobic contact area
To quantify the extent of the hydrophobic contact between the nascent-protein signal peptide (SP) and the lipid molecules in Figures 5C and 5D in the main text and Figures S4C and S4D , we determine the interfacial contact area using the INTERVOR tool 24 in the Visual Molecular Dynamics (VMD) program. 25 The area is calculated via Delaunay triangulation of the Voronoi surface that separates two groups of atoms in the system. Atoms in the nascent-protein SP are treated as one group, and atoms in the lipid molecules that are within a cutoff distance d 0 = 10 Å of the translocon LG helices (SecY residues 80-100 and 270-290) are treated as the other group. Increasing the cutoff distance to d 0 = 20 Å results in no significant differences from the data presented in either Figure 5 or Figure S4 .
Homology modeling
To enable comparison between the residues of the Thermotoga maritima SecY protein studied in this work and the residues of the S. cerevisiae Sec61p upon which previous experimental mutagenesis studies have been performed, 26 we determine the structure for Sec61p using homology S6 modeling. All homology modeling is performed using the MODELLER program. 4 We first construct 50 initial structural models for Sec61p from the alignment of its sequence with the Methanococcus jannaschii SecY protein (PDB: 1RHZ); 27 the Cartesian coordinates for the atoms in these initial models are locally randomized with respect to a common reference structure. The structure for each model is then optimized with respect to (i) homology-derived restraints from the alignment, (ii) molecular mechanics force field from CHARMM22, 7 and (iii) statistically derived potentials from a representative set of known protein structures; the final homologydetermined structure then corresponds to the optimized model with the lowest discrete optimized protein energy (DOPE) score. 28 A comparison between the homology-determined structure for Sec61p and the Thermotoga maritima SecY crystal structure is shown in Figure S6A . The Thermotoga maritima SecY residues that are homologous to residues E382, E106, and E460 in the S.
cerevisiae Sec61p are then identified as the closest negatively charged residues in the aligned structures. We note that by alternatively performing this analysis with the Thermotoga maritima SecY protein (PDB: 3DIN) as the structural template for Sec61p, the determined homologous residues are unchanged, although the spatial distance between residue E330 in SecY and residue E382 in Sec61p increases.
To further illustrate the spatial distribution of the Sec61p charged residues relative to the bound ribosome, we build another homology-determined structure from the cryo-electron-microscopyderived structure of SecY in association with the ribosome (PDB: 3KC4, 3KCR). 29 The same method explained above is employed, and the resulting structure is shown in Figure S6B .
Robustness of the insertion trajectory initialization
Here, we examine the robustness of the equilibration and insertion protocol employed for the insertion trajectories in the main text. We consider potential biases due to the relatively low resolution (4.5 Å) of the experimental crystal structure that is used for a starting structure in these simulations, as well as potential biases due to the use of harmonic restraints to stabilize the truncated S7 SecA protein in the reported insertion trajectories. Several important points suggest that this issue does not impact the reliability of the results in the main text.
First, we note that although the experimental resolution of the electron density for the SecASecYEG complex is relatively low (4.5 Å), 1 1 Incorporation of conserved interactions from the higher-resolution structures, which exhibit strong sequence homology with the components of the SecA-SecYEG complex, 27, 30 improves the credibility of the resulting structure for the complex.
Second, equilibration of the system in the MD simulations reduces bias associated with the choice of the initial structure. As described in Supporting Information: Simulation Protocols, the initial SecA-SecYEG crystal structure was equilibrated for 50 ns prior to performing the µs-timescale nascent protein insertion trajectories. During this equilibration, the LG relaxed from a relatively open conformation associated with the SecA-SecYEG crystal structure to a more closed conformation like that of the archael crystal structure of the translocon. 27 To illustrate this conformational change, the surface area associated with the opening of the translocon LG for the initialization trajectory employed in the main text (T 0 ) is plotted as a function of simulation time in Figure S8 . The LG surface area at each configuration is obtained via quadrature of the LG width profile along the translocon channel axis; the endpoints of this integration are defined by the center-of-mass of the phosphorus atoms in each lipid layer. The LG width profile and channel axis coordinate are defined in Supporting Information: Materials and Methods.
To confirm the robustness of the equilibrated starting configurations for the nascent protein insertion trajectories, additional equilibration trajectories are reported in Figure S8 . Each of the additional three trajectories is initialized from the SecA-SecYEG crystal structure configuration but with different initial velocities drawn from Maxwell-Boltzmann distribution at a temperature of T = 300 K. Unlike the equilibration trajectory employed in the main text (trajectory T 0 ), the S8 additional trajectories were obtained using the OPLS force field and without truncation of SecA; however, the results are the same. In each case, the equilibration trajectories eventually relax towards the more closed conformation of the translocon LG.
It is clear that for trajectory sT 2 in Figure S8 , the timescale for the closing of the LG is slower than that observed in trajectories T 0 and sT 1 . The origin of this slow timescale is the intercalation of lipid molecules between the LG helices, which hinders LG closing. To overcome this slow timescale, we removed the three lipid molecules that were in closest proximity to the LG helices in trajectories sT 1 , sT 2 , and sT 3 at the simulation time of 80 ns; as is seen in Figure S8 , elimination of these lipid molecules enables the "hung" trajectory sT 2 to then relax to more closed LG configurations. In no case was it found that lipid molecules intercalate between the LG helices after the closed LG conformation was reached. The results in Figure S8 thus suggest that equilibration of the system relaxes the initial bias of the crystal structure and consistently leads to partial closing of the translocon LG.
Third, we find that the harmonic restraints that are applied to SecA in the main text, which are necessary for the µs-timescale stability of the truncated SecA structure, do not appear to bias the conformational distribution of the translocon. In Figure S9A , trajectories sT 4 -sT 6 are performed exactly as trajectories sT 1 -sT 3 , except that trajectories sT 4 -sT 6 do not include harmonic restraints on the heavy atoms of SecA, whereas sT 1 -sT 3 do include these restraints (as in the main text). As before, to avoid slow relaxation timescales associated with the intercalation of molecules in the
LG, we delete the three nearest lipid molecules to the LG helices after 80 ns of simulation time.
The trajectories performed without SecA restraints are qualitatively unchanged from those that employ restraints; in all cases, the trajectories relax to the partially closed configurations that are consistent with the equilibration trajectory employed in the main text. In Figure S9B , we show the root mean squared displacement (RMSD) of the SecY protein in these six trajectories; again, no major effect associated with the SecA harmonic restraints is found.
Fourth, the translocon LG conformational changes that are emphasized in the main text are large and qualitatively distinct from biases associated with the SecA harmonic restraints. Fig-S9 ure S9C shows the LG surface area as a function of time in the nascent protein insertion trajectory T 1 . This trajectory shows a pronounced opening of the LG that accompanies insertion of the nascent protein into the translocon channel. This trend is in marked contrast to the LG closing and conformational relaxation that is observed in the trajectories that are initialized from the SecA-SecYEG crystal structure ( Figure S9A ), and it is distinct from any effects associated with the transient intercalation of lipid molecules between the LG helices in the initialized system. Furthermore, the conformational opening of the translocon LG that is observed in Figure S9C is far more pronounced than any observed bias in Figure S9A or Figure S9B that is associated with the use of harmonic restraints on the SecA residues. In summary, concerns over the reliability of the starting configuration of the simulations are mitigated by (i) the fact that the solution of the 4.5 Å resolution SecA-SecYEG crystal structure was obtained with input from much higher-resolution structures of the component proteins, and
(ii) the observation in Figure S8 that equilibration of the SecA-SecYEG complex relaxes the initial conformation of the crystal structure and leads to more closed conformations of the translocon
LG. Furthermore, concerns about the use of harmonic restraints to stabilize the SecA structure are mitigated by (iii) the observation in Figure S9A and Figure S9B that harmonic restraints have little effect on the conformation of the translocon LG, and (iv) the fact that results and conclusions that are emphasized in the main text involve trends and conformational changes (such as those in Figure S9C ) that are far more pronounced than any observed biases due to the initial crystal structure or the use of harmonic restraints on the SecA residues.
Insertion trajectories with different periods of growth/evolution
For comparison with trajectories T 1 -T 4 that are discussed in the main text, we performed two additional insertion simulations in which each nascent-protein growth period involves the addition of only two additional nascent-protein residues at a pace of one residue per five nanoseconds and in which the intervening nascent-protein evolution periods span 100 ns. The details for these two S10 additional insertion trajectories (T 5 and T 6 ) are presented in Table S2 . We note that the protocol employed for these additional trajectories allows equilibration after smaller periods of growth than the trajectories discussed in the main text; however, since the evolution periods in trajectories T 5 and T 6 span only 100 ns, the net pace of nascent-protein insertion in trajectories T 5 and T 6 is faster than the pace of insertion for trajectories T 1 -T 4 . As is seen in Figure S10 , this faster pace of insertion in the additional trajectories leads to simulation results that do not exhibit the anticipated features of protein translocation or membrane integration. The figure compares trajectories T 5 and T 6 with trajectories T 1 and T 2 ; all four trajectories share the same insertion point, trajectories T 1 and T 5 model nascent proteins with the same sequence, and trajectories T 2 and T 6 model nascent proteins with the same sequence. As is extensively discussed in the main text, the slower insertion protocol employed in trajectories T 1 and T 2 leads to docking of the nascent-protein SP at the translocon LG and associated conformational changes in the LG. However, the more rapidly inserted trajectories T 5 and T 6 do not exhibit these mechanistic features; instead, the nascent protein becomes jammed at the cytosolic mouth of the translocon and exhibits little conformational sampling on the timescale of the simulations.
Water occupancy and dynamics at the translocon cytosolic mouth
Here, we examine the occupancy and exchange dynamics of water molecules at the cytosolic mouth of the translocon. A water molecule is defined to occupy the cytosolic mouth if its oxygen atoms lies within 18 Å of the channel axis and with -20 and 20 Å along the channel axis. Note that a similar definition was used to identify N , the number of nascent-protein residues that partition from the translocon channel into the membrane interior. A snapshot of the occupying water molecules is show in Figure S11A . Figure S11B presents the number of water molecules in the cytosolic mouth as a function of simulation time for trajectories T 1 and T 2 . In both trajectories, a large number of water molecules occupies the cytosolic mouth throughout the simulations. For trajectory T 1 , the number of water S11 molecules remains relatively unchanged; for T 2 , this number gradually decreases during nascentprotein insertion. The presence of water molecules in the cytosolic mouth is consistent with the fact that the translocon interior is hydrophilic. The occupancy number trends for the two trajectories can be correlated with the relative degrees of membrane integration exhibited by the nascent protein in the two trajectories. In T 1 , the nascent protein is hydrophobic and exhibits a significant amount of integration ( Figure 4 in the main text) ; it creates little competition for the space that is occupied by the water molecules. On the other hand, the hydrophilic nascent protein remains confined within the translocon channel; water molecules are thus driven out of the cytosolic mouth to make room for the nascent protein.
To further characterize the exchange dynamics of water molecules between the cytosolic mouth and bulk regions of the simulation cell, Figure S11C presents the time autocorrelation function (TACF) for the occupancy of individual water molecules. This TACF reports the propensity for a given water molecule to occupy the cytosolic mouth at time t, given that it in occupancy at the earlier time 0; the TACF was obtain by time-averaging along the insertion trajectories. As is seen in the figure, the TACF decays on the timescale of 20 ns, which is significantly shorter than the length of the simulated insertion trajectories. This result suggests that the water dynamics is slaved to the motion of the nascent protein, adapting relatively quickly to its conformational changes.
Finally, we explore the mechanism by which water molecules exchange between the cytosolic mouth and bulk regions of the simulation cell. In particular, we investigate whether water exchange is expedited by the truncation of the SecA protein in the simulations presented in the main text.
Figure S12 presents sterically accessible regions for water molecules in the interfacial region of SecA and the translocon, which is obtained using the Molaxis program. 31 The regions are colored according to the radius, r, of the largest spherical particle that can be locally accommodated, with red indicating r < 1.4Å, green indicating 1.4 ≤ r < 2.7Å, and blue indicating r ≥ 2.7Å.
Note that only a single continuous channel provides a pathway for exchange of water molecules between the cytosolic mouth region and the surrounding cytosolic bulk region; all other channels encounter prohibitively narrow openings that are colored by red. The primary exchange channel S12 corresponds to a physical opening that is observed in the untruncated structure SecA-SecYEG crystal structure, 1 suggesting that the truncation protocol employed in these simulations does not bias the water exchange dynamics. Figure S1 : Structural features of the nascent protein and translocon at various times along the insertion trajectories T 3 and T 4 . This figure is comparable to Figure 2 in the main text and employs the same representation. As in Figure 2 , the trajectories exhibit localization of the SP residues in the LG region. Both trajectories shown here exhibit loop configurations of the nascent protein SP, with the N-terminus exposed to lipid head-groups and with some hydrophobic segments of the SP buried within the translocon channel. The trajectories in Figure 2 exhibit a different nascent-protein conformation, with the SP N-terminus buried in the translocon interior and with the hydrophobic segments of the SP exposed to the membrane. The LG width profiles for trajectories T 3 (blue) and T 4 (red) at various times. The data at time 0.5 µs is repeated in the dashed black curve. The translocon LG undergoes similar conformational changes in both trajectories T 3 and T 4 ; this is consistent with the observation from Figure S1 that the nascent protein adopts a loop configuration in both trajectories, such that both trajectories exhibit similar interactions between the nascent protein and the translocon LG. The corresponding solvation environment for the nascent-protein SP in these two snapshots of the system. In parts A and C, it is seen that the SP adopts a configuration in which the N-terminus is buried inside the translocon, whereas in parts B and D, the SP adopts a loop configuration with its N-terminus exposed to the phosphate lipid head groups. (E) The hydrophobic contact area between the SP and the surrounding lipid molecules is plotted as a function of time for trajectories T 2 (blue) and T 4 (red). Similar to the results presented in Figure 5 , the SP configuration with the N-terminus buried in the channel interior (A, C) experiences more extensive hydrophobic contact with the lipid bilayer than the SP configuration with the N-terminus exposed to the lipid head groups (B, D). Figure S5 : The time-evolution of the salt bridges along trajectories T 1 and T 4 . This figure is directly comparable to the results for trajectories T 2 and T 3 in Figure 6 of the main text. As seen in Figure 6 , the current figure indicates that salt-bridge contacts involving the N-terminus of the nascent protein form almost immediately and persist throughout the duration of the insertion simulations. Figure S6 : Homology-determined structures for the S. cerevisiae Sec61p protein, which has been characterized in experimental mutagenesis studies. 26 The procedure for constructing these structures is described in the Homology modeling section. (A) Comparison of the Thermotoga maritima SecY crystal structure (white and green) and the homology-determined S. cerevisiae Sec61p structure (blue). The two structures are aligned via minimization of the root mean squared displacement of the α-carbon atoms between residues 80-140 of the two molecules. The negatively charged residues of Thermotoga maritima SecY that we consider in this paper (shown in white) are in close proximity to the negatively charged residues that are studied via mutagenesis in Ref. 26 (blue). (B) The homology-determined structure for Sec61p in complex with the ribosome (see text for details). The ribosome is rendered in a gray transparent surface, and the translocon is drawn in white with the LG helices in green and the plug moiety in violet. Charged residues on the translocon are labeled and shown in space-filling representation. From the results of Ref. 26 , it follows that mutation of residues in orange decreases the integration of protein with either Type II or Type III orientation; mutation of residues in red enhances the integration of protein with Type II orientation and suppresses the integration with Type III orientation; and mutation of residues in cyan suppresses the integration of protein with Type II orientation and enhances the integration with Type III orientation. This figure, along with the presented insertion simulations, emphasizes that the position of charged residues impacts the regulation of integral membrane protein topogenesis. 
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Figure S12: Sterically accessible regions for water molecules in the interfacial region between SecA and the translocon, with the translocon indicated in cartoon representation and with the SecA surface indicated in gray. Spatial regions are colored according to the radius, r, of the largest spherical particle that can be locally accommodated, with red indicating r < 1.4Å, green indicating 1.4 ≤ r < 2.7Å, and blue indicating r ≥ 2.7Å. Only a single continuous channel provides a pathway for exchange of water molecules between the cytosolic mouth region and the surrounding cytosolic bulk region; all other channels encounter prohibitively narrow openings.
